Neural slowing is commonly noted in older adults, with consequences for sensory, motor, and cognitive domains. One of the deleterious effects of neural slowing is impairment of temporal resolution; older adults, therefore, have reduced ability to process the rapid events that characterize speech, especially in noisy environments. Although hearing aids provide increased audibility, they cannot compensate for deficits in auditory temporal processing. Auditory training may provide a strategy to address these deficits. To that end, we evaluated the effects of auditory-based cognitive training on the temporal precision of subcortical processing of speech in noise. After training, older adults exhibited faster neural timing and experienced gains in memory, speed of processing, and speech-in-noise perception, whereas a matched control group showed no changes. Training was also associated with decreased variability of brainstem response peaks, suggesting a decrease in temporal jitter in response to a speech signal. These results demonstrate that auditory-based cognitive training can partially restore age-related deficits in temporal processing in the brain; this plasticity in turn promotes better cognitive and perceptual skills.
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aging | neuroplasticity A s we age, we may notice that we require more time to respond to sensory input. There are many potential biological causes for our slower responses, including: loss of myelin integrity (1), longer neural recovery times (2-4), decreased brain connectivity (5) , and loss of neural synchrony (6) . The consequences of neural slowing are pervasive, but one of the most distressing effects is difficulty hearing in background noise. Precise neural timing is an important factor for successful speech-innoise perception (7) , but older adults experience a breakdown in this precision (8, 9) . This communication difficulty affects older adults' quality of life as they begin to avoid places and social situations in which communication is compromised (10) . Because amplification through hearing aids or assistive listening devices does not compensate for decreased temporal precision, a management strategy that specifically addresses deficits in timing is needed (11) .
The effects of auditory training on neural responses in older populations have been evaluated in an animal model. After training on a frequency discrimination task, the auditory cortices of older rats showed greater neural synchrony in response to pulsed noise trains, likely mediated by increased levels of inhibitory neurotransmitters (12) . In humans, short-term auditory training programs have yielded improvements in neural response timing and frequency representation in children (13) and young adults (14) (15) (16) . Short-term training in visual discrimination has been linked to better working memory and cortical changes in older adults; training-related changes in the magnitude of visual-evoked cortical responses predict working memory improvements (17) . Although short-term training-induced improvements in auditory memory and speed of processing have been demonstrated in older adults (18) , the effects of short-term training on the aging auditory nervous system remain unknown. There is, however, evidence of long-term training advantages in older adults; musicianship, an example of long-term auditory training, can offset neural timing deficits in older adults (19) and is associated with better hearing in noise and auditory memory (20) .
We hypothesized that training which directs focus to rapidly changing formant transitions in speech leads to faster neural timing and better speech-in-noise perception. To test this hypothesis, we randomly assigned older adults to one of two groups (Fig. 1) .
The first group (auditory training; n = 35) completed an adaptive computer-based auditory training program that combines bottomup perceptual discrimination exercises with top-down cognitive demands. The second group (active control; n = 32) participated in a general educational stimulation program that was matched for time and computer use to that of the auditory training group. We recorded auditory brainstem responses to the speech syllable [da] (Fig. 2) presented in quiet and noise and assessed speech-in-noise perception, short-term memory, and speed of processing before and after 8 wk of training. We expected that auditory training would induce earlier brainstem peak latencies at posttest compared with pretest, and that the effects of noise on response timing would be reduced. Given previously demonstrated cognitive and perceptual gains from both short-term (14, 18) and long-term (20) auditory training, we expected that auditory training would also improve speech-in-noise perception, short-term memory, and speed of processing.
Results
Peak Timing Changes. In the region of the response corresponding to the formant transition (cues that distinguish one speech sound from another; peaks at 34, 44, 54, and 64 ms), timing became earlier in the auditory training group in response to the syllable presented in quiet [F(1, 31) = 3.221, P = 0.025] and in noise [F(1, 31) = 7.816, P < 0.001]. These improvements were not seen in the active control group's responses [quiet: F(1, 28) = 2.078, P = 0.110; noise: F(1, 28) = 1.231, P = 0.320]. A group-by-session interaction was found for the [da] presented in noise [F(1, 63) = 6.263, P < 0.001] but not in quiet [F(1, 63) = 0.756, P = 0.558], indicating that the auditory training group's response timing improved relative to the active control group but only in the noise condition (Fig. 3) . For the neural response to the vowel, there was a trending group-by-session interaction in noise We found that training reduced interpeak variability in noise [F(1, 34) = 7.478, P = 0.010; group × session interaction: F(1, 65) = 6.378, P = 0.014], but no training-induced changes were noted in the quiet condition or in the active control group (all P values > 0.10). As expected, the pretest interpeak variance in noise was greater than that in quiet (premean in noise: 1.05; premean in quiet: 0.89) (21, 22) ; therefore, we would expect to see greater changes in posttest variance in the noise condition. Importantly, change in variance relates to change in transition peak latency (r = 0.660, P < 0.001) in the trained group.
Changes in Effects of Noise on Response Timing. Cross-correlating responses in quiet and in noise indicated that the addition of background noise resulted in smaller shifts in neural response timing in the training group, objectively confirming the timing improvements noted from manual peak identification (Fig. 5) . Smaller noise-induced timing shifts were observed from pretest to posttest in the auditory training [F(1, 34) = 4.928, P = 0.033] but not in the active control group [F(1,32) = 0.322, P = 0.574]. The group × session interaction was significant [F(1, 66) = 6.984, P = 0.010]. The average absolute quiet-to-noise shift was 0.07 ms, and the average change in timing, based on a change in quiet-to-noise lag, was 0.06 ms; therefore, we assume that this training-related change in lag is meaningful.
Behavioral Gains. The observed improvements in neural timing were complemented by perceptual and cognitive gains in the auditory training group but not the active control group, with significant group interactions for all measures [speech in noise: F(1, 66) = 8.739, P = 0.004; auditory short-memory: F(1, 66) = 10.567, P = 0.002; processing speed: F(1, 66) = 7.763, P = 0.007; Fig. 6 ; see Table 2 for pre-and posttraining scores]. Post hoc testing indicated improvements on all cognitive measures in the auditory training group after training [speech in noise: F(1, 34) = 25.343, P < 0.001; short-term memory: F(1, 34) = 29.590, P < 0.001; speed of processing: F(1, 34) = 5.842, P = 0.021]. The active control group did not show these improvements [speech in noise: F(1, 31) = 1.195, P = 0.283; auditory short-term memory: F(1, 31) = 0.101, P = 0.752; processing speed: F(1, 31) = 2.179, P = 0.150]. These cognitive improvements with training are consistent with previous reports (17, 18, 23) .
Discussion
Our results demonstrate that short-term training induced neural plasticity in older adults in fundamental aspects of biological auditory processing. Specifically, we demonstrate a partial reversal of the age-related declines in neural temporal precision that have been demonstrated in older adults (19) . Adaptive auditory training on consonant-vowel transitions results in earlier subcortical response timing to speech in noise. The greatest improvements were found in the response corresponding to the consonant-vowel transition, the perceptually vulnerable region of the syllable (24) . We also found that interpeak variability decreased over the entire response in noise in the auditory training group. Concomitant behavioral and cognitive improvements were seen for perception of speech in noise, short-term memory, and processing speed.
What mechanisms might drive these neurophysiologic changes? Activity-driven increases in inhibitory neurotransmitters, such as gamma-aminobutyric acid (GABA), may be responsible for the observed changes. Our finding of decreased variability in interpeak latency suggests an inhibition-mediated decrease in temporal jitter. This in turn may drive the improvement in temporal precision for the fast-changing transition cues; due to the dynamic pitch content of the consonant-vowel transition, these peak latencies may be especially subject to jitter (25) . Activation of inhibitory mechanisms is necessary for precise temporal processing (26) . Decreases in the levels of inhibitory transmitters in the cochlear nucleus, inferior colliculus, and auditory cortex have been documented in aging animal models (26) (27) (28) ; these decreases are linked to a loss of temporal precision (29, 30) . On the other hand, treatment designed to increase levels of inhibitory transmitters can reverse this loss. To illustrate, GABA receptor units increase following training to reverse damage to the frequency and temporal processing in the rat auditory cortex caused by noise exposure during development (31) . Boosting inhibition through pharmalogic treatment can have similar effects; the use of a GABAergic agent improves temporal resolution in gerbils (32) . Given that our older adults demonstrated improved neural timing, we propose that auditory-based training programs may increase inhibition, leading to enhanced temporal precision in older adults. The latency changes we found reflect, in part, increased neural precision or sharpened tuning, accomplished through activation of inhibitory sidebands (33). Additional mechanisms might be responsible for the changes in our study, as both excitatory and inhibitory neurotransmitters may contribute to increased sharpness or neural tuning in the brainstem, as has been demonstrated in the auditory cortex (34) . For example, release of acetycholine is necessary for certain types of learning, such as recognition memory (35), through mechanisms which include enhanced attention (36) . Furthermore, stimulation of the nucleus basalis, the primary source of acetylcholine in the cerebral cortex, can increase cortical excitability and the transmission of action potentials (37); indeed, several studies have documented cortical reorganization and enhanced perception when auditory stimulation is paired with nucleus basalis stimulation (38) (39) (40) . In fact, Froemke and colleagues showed that nucleus basalis stimulation paired with acoustic stimulation decreased variability of synaptic tuning in auditory cortex, thereby improving sensory perception and related behavior (41) . Based on these studies, we conjecture that the training, with its built-in reward system, may stimulate the natural production of acetylcholine, leading to enhanced learning. Acetylcholine reduces neural firing variability (42) , and thus may account for our finding of training-induced reductions in interpeak latencies.
These results complement previous work in which we have shown that life-long musical experience offsets age-related neural timing delays (19) ; here, we show that a partial reversal of these delays is possible with just 8 wk of training. The finding that training changes are specific to the transition is expected, given our previous finding of age-related latency delays in the transition region, but not the steady state, for responses to a speech syllable presented in quiet (25) . Given this finding, we would not predict that auditory training decreases response latencies beyond what is expected in a young healthy nervous system. We assume that the extent of latency change is limited by biological constraints, such as neural conduction time, and that training cannot improve latencies beyond these limits. We did, however, find that the latency reductions were larger in noise than in quiet conditions. Because noise is known to delay peak latencies in the brainstem response (43) , there may be a greater range for improvement in responses to stimuli presented in noise.
The most pronounced latency changes were in response to the formant transition in noise. There was also a latency reduction in the steady state in noise, albeit a smaller one than in the transition. Two mechanisms may be contributing to timing in the response: neural synchrony and neural recovery. The training effects were predominantly in the transition (∼0.5 ms), whereas in the steady state the change gradually decreased from ∼0.5 ms at the beginning to 0 ms at the end of the vowel. The training-induced latency changes seen in the early region of the steady state may arise from increased neural synchrony, potentially driven by a decrease in temporal jitter. If older adults' long neural recovery time is unchanged, however, we would not expect latency differences at the offset of the stimulus.
Cognitive engagement was an important component of the current study. In the auditory training program, five of the six exercises combined adaptive demands on short-term memory and perception of consonant-vowel syllables. Because of its memory demands, the training would have engaged both memory and attention to perform the tasks accurately. Cognitive demands on memory increase reliance on perceptual cues via the prefrontal cortex (44) . Therefore, the adaptive memory and perceptual demands of the training program may interact to strengthen the neural representation of speech in background noise conditions that are unfavorable for perception (45) . The fact that the effects were greater in the consonant-vowel transition than the vowel portion of the [da] stimulus is consistent with evidence that perceptual learning leads to stimulus-specific changes in information processing; that is, perceptual training on transitions improves neural representation of transitions (46, 47) . We also found improved speed of processing on a visual matching task in participants who had undergone training. Although the training focused on adaptively changing auditory stimuli, the program supplemented auditory stimuli with visual images, and participants likely used these images as an additional memory cue. Slower speed of processing mediates memory declines in older adults (48) ; therefore, we posit that increased speed of processing facilitated enhanced memory performance.
Given that the efferent pathway from the cortex to the inferior colliculus (IC) is critical for auditory learning (49) , and that the IC is the putative generator of the subcortical frequency following response (50), it is not surprising that we found these neural changes in the auditory brainstem. In fact, after training, pitch pattern representation in the IC, as documented by functional magnetic resonance imaging, relates to representation of pitch patterns in the frequency following response and improved auditory word learning, suggesting a possible role for the IC in the mapping of sound to meaning (51) .
In sum, our results demonstrate a partial reversal of age-related neural timing delays after 40 h of training over 8 wk; what remains unknown is the minimum amount of training necessary to induce these changes. Neural changes have been documented in young adults after just days or hours of training (15) ; in fact, neural changes can precede changes in perception with as little as one training session (52) . Given evidence in animal models, however, older adults likely require a longer training regimen. For example, because adult owls require more incremental training than young owls for plasticity in auditory space mapping (53) older adult humans may require a more gradual increase in task difficulty level to improve perception. Therefore, future work should evaluate the time course of auditory training and the maintenance of treatment effects over time. . Improvements in timing were noted in the auditory training but not in the active control group. *P < 0.05, ***P < 0.001; Error bars: ±1 SE. Future development of treatment protocols should consider mechanisms to directly address factors that inhibit plasticity in older adults, such as changes in the balance of excitatory and inhibitory neurotransmitters (54). Kilgard and colleagues have paired vagus nerve stimulation (VNS) with sensory stimulation to induce plasticity, taking advantage of the known effects of VNS for releasing neurotransmitters (55) . This noninvasive stimulation has been effective for reversing the maladaptive plasticity associated with tinnitus in rats. Perhaps this type of noninvasive stimulation or another technique that would pair training with natural activation of the brain's reward centers [such as through the use of music (56) or action video games (57)] can be used to increase the effectiveness of therapies designed to enhance perception and cognition in older adults.
These results have broad implications for the management of perceptual, cognitive, and neural declines in older adults, as well as for the understanding of plasticity in an aging population. In particular, participants experienced improvement in speech-in-noise perception, indicating that the expected decreases in perceptual abilities that accompany aging are amenable to training. Auditory training, therefore, should be considered for the management of communication difficulties in older adults and may serve to mitigate some of the psychosocial sequelae that can exacerbate aging effects, such as depression and social isolation (10).
Materials and Methods
Participants. One hundred and four participants were recruited from the greater Chicago area to engage in a study on hearing in noise in older adults; 67 (38 female) are included in the analysis (see Fig. 1 ). All participants were between the ages of 55 and 70 y (mean, 63.0; SD, 3.7 y). By choosing this age range, we hoped to establish an effect of training that is uncomplicated by the potential confounds of older age, such as severe hearing loss, increased medication use, and greater cognitive declines that are more prevalent in older individuals.
Audiometric thresholds were measured at both test sessions bilaterally at octave intervals from 0.125 to 8 kHz, including interoctave intervals at 3 and 6 kHz, plus 10 kHz and 12.5 kHz. In all participants, pure-tone averages (average threshold from 0.5 to 4 kHz) were ≤45 dB hearing level (HL) bilaterally. No asymmetries (>15 dB HL difference at two or more frequencies between ears) were noted. All participants had normal click-evoked auditory brainstem responses (defined as a Wave V latency < 6.8 ms bilaterally; 100-μs click presented at 80 dB SPL at 31.25 Hz) and no interaural Wave V latency difference ≥ 0.2 ms.
No participant had a history of neurologic conditions, and all participants were screened for dementia using a cutoff score of 22/30 on the Montreal Cognitive Assessment (MOCA) (58) . Participants had normal IQ (≥85 on the Wechsler Abbreviated Scale of Intelligence; ref. 59 ). All procedures were reviewed and approved by the Northwestern University Institutional Review Board. Participants provided informed consent and were compensated for their time.
Auditory Training. Participants were seen for behavioral and electrophysiological testing and then randomly assigned to one of two conditions: auditory training and active control. (Toward the end of the study enrollment, group assignment was targeted to ensure that groups were matched on sex, hearing, age, and IQ.) These two conditions involved 8 wk of in-home auditory activities. The auditory training group completed Brain Fitness cognitive training (Posit Science). Brain Fitness is an auditory-based cognitive training program comprising a series of six adaptive exercises designed to improve the speed and accuracy of auditory information processing; this is accomplished by exaggerating and then adaptively compressing the rapidly changing and perceptually vulnerable (21) formant transition period of speech syllable envelopes. Many different consonant-vowel transitions were used, especially stops and fricatives paired with different vowels in various linguistic contexts, including syllables, words, sentences, and stories. The training employs adaptively contracting transitions paired with increased memory demands in these contexts. The six exercises include discriminating pairs of frequency-modulated sweeps, discriminating between similar syllables, repeating back sequences of syllables and words, matching pairs of syllables and words, remembering multipart commands, and remembering details of stories. Several of these tasks are multimodal, integrating auditory and visual attention and working memory (see ref. 18 for additional details on the training program). We expected that greater memory demands would focus attention on the speech components needed to discriminate between similar-sounding words and syllables, and in so doing would modulate neural activity via top-down mechanisms to make these differences more salient (44, 60) . We have previously shown that precise temporal encoding of the formant transition is degraded in older adults (19, 25) and is critical for speech-in-noise perception (21) and so hypothesized that adaptive training on this cue combined with increased memory demands would provide benefits for hearing in noise. Completion of training was verified through automated online logs. Previous studies have documented improvements in cognitive processing, efficiency, and memory after Brain Fitness training and we expected to replicate these effects (18) . The active control group watched a series of educational DVDs about art, science, history, etc., and answered multiple choice questions that required careful listening and focused attention to the DVD content; only participants who scored above chance on the questions were included. Both participants were contacted on a regular basis throughout the training to ensure adherence to the program. The active control training was devised to be as similar to the auditory training as possible in terms of time and modality. However, the active control training had none of the adaptability or remediation offered by the auditory training software, nor did it focus on perception of any specific speech cue.
Both groups completed training at home on personal computers with supplied headphones (Koss UR/29, Koss). Training lasted for 1 h/day, 5 d/week, for 8 wk. After training, participants returned to the laboratory to repeat the behavioral and electrophysiological battery.
Groups were matched on sex both between and within group (χ 2 tests, all P > 0.1) and for age, hearing thresholds (each frequency 0.125-12.5 kHz bilaterally), click latency, IQ, and test-retest interval (t tests, all P > 0.1).
Group profiles are summarized in Table 1 . Table 2 . There were no significant differences in auditory training and active control group performance on these measures at pretest [QuickSIN: t(65) = 0.501, P = 0.618; short-term memory: t(65) = 1.422, P = 0.160; visual matching: t(65) = 0.678, P = 0.500].
Electrophysiology. Stimulus and recording. A six-formant, 170-ms speech syllable [da] was synthesized in Klatt (63) at a 20-kHz sampling rate (refer to ref. 25 for details). The [da] was presented in two conditions: in quiet and in twotalker babble background noise (presented at a +10 dB SNR). In cases of hearing loss (thresholds > 20 dB HL at any frequency from 0.25 to 6 kHz for each ear), the frequencies in the [da] were selectively amplified with the NAL-R algorithm (64) using custom routines in MATLAB (Mathworks) to create binaural stimuli customized for each ear. Twenty participants in the auditory training group and 23 participants in the active control received altered stimuli. As individual hearing thresholds did not change over the course of training, no participant required differently amplified stimuli for the pre-and posttesting session. Quiet-to-noise correlations. To obtain an objective measure of training-related improved timing in noise, the similarity of the responses in the two conditions (quiet and noise) was assessed with a cross-correlation technique (66) . Correlation coefficients (Pearson's r) are computed by shifting the response waveform in noise relative to that in quiet (±2 ms) until the maximum correlation coefficient is achieved. Fisher z′-scores were used for statistical analyses (67) . We measured this shift (lag) between the two responses before and after training in the region corresponding to the onset and transition as an objective corollary of our peak-picking measures of neural timing improvements, in this case relative to a response in quiet. Statistical analyses. Repeated measures analysis of variance (RmANOVA) was used to compare neural and behavioral measures before and after training, with test session (pre/post) modeled as a within-subject factor and group (auditory training/active control) as a between subject factor. Multivariate RmANOVA was used to compare overall timing differences in the transition (34, 44, 54, 64 Means (SDs) are displayed for pre-and posttest scores for speech-in-noise perception, auditory short-term memory, and processing speed for the auditory training and active control groups. P values are provided for pre-to posttest changes in each group. of variance with Levene's test. Mauchly's test of sphericity was used in RmANOVAs, and the Greenhouse-Geisser correction was applied when the sphericity assumption was violated. Bonferroni corrections were applied as appropriate for multiple comparisons; P values reflect twotailed tests.
